tive rCBV response in the young and adult rats to the D2 agonist quinpirole. We also performed a meta-analysis of literature data on the devel opment of D1 and D2 receptors and the DAT. These data suggest a predominance of D2-like over D1-like function between 20 and 30 days of age. These combined results suggested that the dopamine D1 receptor is functionally inhibited at young age.
, and changes in neurochemical (e.g. DA) transmission [Kalsbeek et al., 1988; Teicher et al., 1993; Anderson et al., 1997] . Despite these ontogenic observations, the underlying mechanisms and their functional impacts are still unclear. Further, although there is a relatively large body of data collected going back over 30 years, the precise timing of maturational changes in the DA system are not fully determined, as we demonstrate below using meta-analyses of the existing data.
Stimulants such as cocaine or methylphenidate (MPH) work by increasing DA levels, through blockade of the dopamine transporter (DAT) or direct release in the case of amphetamine. A number of studies, including this one, suggest that stimulant-induced release is lower in juvenile animals than adults [Andersen and Navalta, 2004; Cao et al., 2007] . Functionally, DA receptors have transient inhibitory effects on DA transmission before adolescence that disappear by adulthood [Kalsbeek et al., 1988; Teicher et al., 1993; Anderson et al., 1997] , although the full functional significance of these rearrangements is not understood. Most of the knowledge we have so far about the development of the adolescent brain is via ex vivo study. Although postmortem brains provide detailed information, such as synaptic and receptor density and neuronal status at a fixed point in time, information about neuronal activity at a fully functional stage is hard to assess. Changes in hemodynamics -cerebral blood flow or regional cerebral blood volume (rCBV) -may offer unique insight into the functional consequences of such receptor changes. DA function can be assessed by hemodynamic changes via pharmacological MRI (phMRI) using many dopaminergic ligands. D -Amphetamine (AMPH) induces hemodynamic changes correlated to synaptic DA concentrations [Chen 1997; Chen et al., 2005] . phMRI can also assess the functional status of D1-and D2-like receptor families (D1R and D2R). D1/D5 agonists produce positive hemodynamic changes linking to the excitatory D1 agonism, whereas D2/D3 receptor agonists produced negative hemodynamic changes linking to the inhibitory D2/D3 agonism [Chen et al., 2005; Choi et al., 2006] . Although hemodynamic measurements are an indirect index for DA function (when challenged with DA ligands), they measure the system as a whole, including function from DA receptor subtypes (D1R or D2R) and their impacts on other neurotransmitters as well as the postsynaptic signaling pathways.
In this manuscript, we used phMRI with several classes of dopaminergic ligands in an attempt to characterize dopaminergic function in young and adult rats. Specifically, we used a variety of DAT blockers to increase the synaptic DA concentration to test the gross dopaminergic function. The functional state of D1R and D2R was tested by challenging rats with D1 agonist dihydrexidine (DHDD) and D2/D3 agonist quinpirole, respectively. Hypercapnia experiments in young and adult rats were also carried out to ensure that the hemodynamic response was not hindered by a non-fully developed vascular response in the young rats. In addition to phMRI, DA efflux in response to cocaine challenge was measured using microdialysis in a subgroup of animals. Taken together, pharmacologically produced changes in rCBV provide a noninvasive method for studying receptor function and can be applied to other species.
Materials and Methods

Animals
Male Sprague-Dawley rats (Charles River Laboratories, Wilmington, Mass., USA) at juvenile age (postnatal days 22-29, P22-29) or adults ( 1 P60, range 9-15 weeks, 300-450 g) were used in this study. Rats were housed and provided with food and water ad libitum for at least 7 days before the study. Rats in the young group were initially housed with their mothers. Those studied at P22 were still housed with the mothers. Those studied at P28-29 had already been weaned. A 12-hour light/dark cycle was used (from 7 a.m. to 7 p.m.). All procedures were conducted in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80-23) revised 1996. Animals were anesthetized with 1% halothane in mixture gas of O 2 and air (1: 1). All animals were free breathing, except the group receiving cocaine who were mechanically ventilated to prevent hyperventilation. A water-heating pad was used to regulate the core temperature. An intravenous catheter was placed into the tail vein percutaneously for drug administration. In a subgroup of animals, the femoral artery was catheterized for blood pressure and blood gas sampling. Blood pressure and blood gas were not available for the juveniles due to the tiny size of arterial catheterization. Blood oxygenation (pulse oximeter; Nonin Medical, Minn., USA) was monitored via an optical sensor clipping on the hindpaw. Rats were secured to a standard stereotaxic frame (for microdialysis study) or an imaging cradle through a pair of ear bars and a ventilation mask with tooth bar. A homemade singleloop surface coil was then placed on top of the head to receive the MR signal.
Drugs
All dopaminergic ligands (AMPH, sulfate, cocaine, MPH, dihydrexidine, and quinpirole) were obtained from Sigma (St. Louis, Mo., USA). The dextran-coated superparamagnetic intravascular contrast agent of monocrystalline iron oxide nanoparticle (MION) was synthesized in our laboratory according to Shen et al. [1993] . Our choice of dose for the drugs was based upon the following logic. The DAT blockers cocaine and MPH will produce between a 250 and 350% increase in basal DA efflux at the doses we chose (0.5 mg/kg and 2 mg/kg i.v. for cocaine and MPH, rephMRI of DA Receptor Ontogeny Dev Neurosci 2010; 32:125-138 spectively) [Kuczenski et al., 1991; Aoyama et al., 1997; Kraft et al., 2001; Tanda et al., 2005; Cao et al., 2007] . DA releasers, such as amphetamine, can be expected to produce much larger increases in DA efflux for comparable doses. At the dose of amphetamine we chose (1 mg/kg), there is approximately a 1,300% increase in basal efflux [Kuczenski et al., 1991; Chen et al., 1997 Chen et al., , 2005 Choi et al., 2006; Ren et al., 2009] . This much higher level of DA efflux allows us to test the hypothesis that there will be stimulation of D1-like receptors leading to positive CBV changes in this dose range. Attaining such a high level of DA release with the DAT blockers would entail administering doses close to the LD 50 ranges. The doses for the D1 agonist DHDD (3 mg/kg) and D2 agonist quinpirole (2 mg/kg) were chosen to be ranges that we had previously shown to produce robust CBV changes [Chen et al., 2005; Choi et al., 2006] .
Pharmacological MRI
All phMRI experiments were performed on a 9.4-T Bruker scanner (Billerica, Mass., USA). A long-lived intravascular superparamagnetic contrast agent, MION [Shen et al., 1993] , was used to sensitize the MR signal to rCBV changes [Villringer et al., 1988] with the benefits of increased sensitivity and stability in phMRI experiments [Chen et al., 2001; Mandeville et al., 2004] . Due to the fast hemodynamic response to cocaine, echo planar imaging (16 shot gradient echo, TR 625 ms, TE 6 ms, matrix size 80 ! 80, temporal resolution 10 s/volume) was used to acquire functional data. For all the other drugs which have a long pharmaco-hemodynamic half-life, functional data were acquired using a conventional gradient echo sequence (TR 300 ms, TE 6 ms, matrix size 128 ! 128, temporal resolution 38 s/volume) in order to trade temporal resolution for a better spatial resolution. In order to match the size differences at different ages, we used a field of view of 3 cm and slice thickness of 1 mm for adult rats and a field of view of 2.65 cm and slice thickness of 0.65 mm for juvenile rats. An exact match was not critical since 'coregistration' automatically corrected the size differences. MION (10-15 mg/kg, i.v.) was injected after collection of baseline images. At least 15 post-MION baseline images were collected before administration of pharmacological ligands or hypercapnia challenge (7.5% CO 2 for 10 min). Then repeated acquisitions continued for 30-90 min after drug stimulus (depending on the pharmacokinetics of the drug).
Anatomic Registration and Segmentation
To facilitate comparisons between animals, all functional images were registered onto a standard template according to the rat brain atlas [Paxinos and Watson, 1997] using an automatic routine developed by Dr. J.B. Mandeville at Massachusetts General Hospital. Although minimal motion was expected during a functional scan due to the fact that animals were anesthetized and secured in a head holder, minor motion was corrected using the AFNI subroutine '3dvolreg' [Cox and Hyde, 1997] . Registration between the functional image set and the standard template was performed by adjusting 9 registration variables (3 spatial shifts, 3 rotation angles, and 3 skew -non-rigid -angles on the 3 major planes). Anatomical landmarks were used to resize the brain along the 3 major axes to match the size from the standard template. This step was particularly useful for aligning brains at different ages. Regions of interest (ROIs) were segmented according to the rat brain atlas [Paxinos and Watson, 1997] ( fig. 1 ) , and applied to each functional run. We characterized the average inflations required to register the young and adult brains to the Paxinos atlas. These numbers include both differences reflective of age as well as between Wistar and Sprague-Dawley rats (those used in this study) and finally differences due to distortions that might be caused by gradient echo imaging. The average inflations required in the young animals (P20-30) were x, y, z = 1.117 8 0.008, 1.111 8 0.019, 1.095 8 0.0487, respectively, and in the adults these were x, y, z = 1.071 8 0.011, 1.050 8 0.008, 1.010 8 0.008, respectively. These numbers are reasonably close to 1 (the expected value) and are not likely to affect our analysis given that we report ROIs for relatively large brain areas (such as the caudate/putamen, CPu). The methods we used are quite similar to those reported in previous human studies, and are also similar to those reported in other animal phMRI studies [Schwarz et al., 2006] . phMRI rCBV Time Course Characterization Maps of rCBV responses were calculated on a pixel-by-pixel basis as previously described [Chen et al., 2001; Mandeville et al., 2001; Mandeville et al., 2004; Chen et al., 2005] . The rCBV time course was characterized using a 'general linear model' (GLM) with ␥ -function [ f ! t ! exp(-t/ )], where represents the peak time of the ␥ -curve and f is the amplitude coefficient. Depending on the characteristics of the time courses, some of the drugs re- [Paxinos and Watson, 1997] .
quired more than one ␥ -function to fully describe the time curve. For example, the cocaine-induced biphasic rCBV change was best described by two ␥ -functions, with one for the negative peak and another one for the delayed positive peak. Activation Maps . The statistical p value of the GLM fitting was generated on a pixel-by-pixel basis. In addition, maps of peak or average rCBV values were generated. The rCBV amplitude map was masked (threshold) by GLM p value (p ! 10 -10 ). Note that the GLM fitting is solely for illustration purposes (i.e. activation maps) and data analysis is based on raw rCBV timecourse, which is unbiased by the choice of fitting function. Also, since the statistical power of our phMRI data with MION is typically quite strong, minor changes in the fitting functions (such as ␥ -function or others) make little differences in the maps obtained. The CBV values for each drug were averaged over time blocks corresponding to the length of the hemodynamic response, which we have previously shown reflects the DA efflux time course [Chen et al., 1997; Chen et al., 2005; Choi et al., 2006] . Values were 0-10 min for cocaine, 0-20 min for MPH, 0-50 min for AMPH, 0-50 min for DHDD, and 0-40 min for quinpirole. Comparisons between groups (young and adult) were performed using a one-way ANO-VA for each brain region.
ROI Analysis. Raw rCBV time courses from predefined ROIs were obtained for ROI analysis. Both activation map and ROI analyses were performed at individual and group levels.
Microdialysis
Microdialysis was conducted in separate groups of rats (adults: n = 5, P22 rats: n = 4) to access the DA concentration upon cocaine challenge (0.5 mg/kg i.v.). In order to compare the results of microdialysis to phMRI, rats were anesthetized (halothane, 1% in 1: 1 air/O 2 mixture) but there was no MION injection involved in the microdialysis protocol. Preparation for microdialysis in the CPu were carried out as previously described [Chen et al., 2005] . The dialysate probe was inserted into the CPu (coordinates for adults were AP 0.48, ML 3.2, and DV -7.3 [Paxinos and Watson, 1997] and for P22 rats these were 0.35, 2.7, and -5.8, respectively, adjusted according to scales of MR anatomical images in the 2 age groups). Continuous infusion of artificial CSF (125 m M NaCl, 2.5 m M KCl, 1.2 CaCl 2 , 1.0 m M MgCl 2 , and 0.2 m M Lascorbic acid at pH 7.4) was delivered at 2 l/min for at least 1 h to stabilize brain tissue from the probe-induced trauma. Dialysate tubes were pre-filled with 5 l of 0.5 M perchloric acid and dialysates were assayed at 10-min time intervals. DA was assayed using HPLC with electrochemical detection. The HPLC system consisted of a dual piston pump (Model 582 Solvent Delivery System; ESA, Chelmsford, Mass., USA), an autosampler with a cooling tray (Model 542; ESA), an MD-150 column (3 ! 150 mm; 3 m, ESA), and an ESA 5200A CoulArray detector with an ESA 5014B dual-electrode analytical cell. The first electrode was set at -150 mV, and the second at +200 mV. The mobile phase delivered at 0.6 ml/min was MD-TM (75 m M sodium dihydrogen phosphate, 1.7 m M 1-octanesulfonic acid, 0.73 m M triethylamine, 25 M EDTA, and 10% acetonitrile at pH 3.0 adjusted with phosphoric acid). Under these conditions, the limit of sensitivity for DA standards (S/N = 3) is about 0.2 f M . The experimental protocol, including halothane anesthesia, was similar to the phMRI study above. Three baseline dialysates were collected before the bolus administration of cocaine (0.5 mg/kg i.v.), followed by 9 after drug dialysates (90 min).
Statistics for META Analysis
For the meta-analysis, we pooled data at each time point from the various studies that reported both adult and young values. We used a one-way ANOVA with a Tukey HSD post-hoc correction for multiple comparisons as a function of age with ages binned to within the closest week to examine the effects of age for behavior, ligand binding and mRNA expression levels. We further used an unpaired t test to compare a given parameter (e.g. ligand binding) between groups at a fixed age interval such as 20-30 days of age. Further details are provided in Results.
Results
Vascular Response to CO 2 Is Functional at P22
Since phMRI assesses the neuronal activity via a hemodynamic response, it is important to test if the juvenile brain has a comparable vascular response to the adult brain. A hypercapnia study was performed to answer such a question. At baseline, rats were mechanically ventilated with a mixture of air and oxygen (1: 1). Hypercapnia was induced by mixing in 7.5% CO 2 for 10 min and then switching back to the basal air mixture. Hypercapnia induced an rCBV increase with similar responses in both age groups ( fig. 2 ) with strongest rCBV increases in the thalamus, followed by the CPu and cortex. The hypercapnia study indicates that the vascular response to CO 2 is functional at P22.
rCBV Response to DA Ligands
Using phMRI, we studied the brain response to AMPH, MPH, cocaine, DHDD, and quinpirole at juvenile and adult ages. Figure 3 shows the average/peak rCBV response, masked by a map of the p values (GLM, ) for the corresponding drug. Figure 4 shows the rCBV time courses from the CPu. Table 1 summarizes the rCBV response using ROI analysis for all drugs.
Cocaine. For adults, cocaine challenge (0.5mg/kg i.v.) induced biphasic rCBV changes (negative followed by positive rCBV changes) in adult rats ( fig. 4 a) . This same dose of cocaine in P22 rats induced a long rCBV decrease without reversing to positive rCBV as seen in the adults. The map of the average rCBV change 0-10 min after cocaine challenge ( fig. 3 a) was dominated by the rCBV increase in adult rats and was dominated by an rCBV decrease in P22 rats. Using microdialysis, we found that cocaine led to significant DA increases in CPu in both age groups (P22, n = 4; adults, n = 5). The basal DA levels we measured were 2.23 8 1.2 n M in the adults and 2.07 8 1.0 n M in the P22 animals. However, the degree of DA efflux following cocaine administration was smaller in the P22 rats ( fig. 5 a) . The microdialysis data indicates that the absence of rCBV increases in P22 rats was not due to impairment of DA efflux.
We compared the DA efflux with data from prior autoradiographic analysis of the maturation of DAT binding [Coulter et al., 1996; Galineau et al., 2004] ( fig. 5 b) . These data suggest that fully functional DAT binding is not 100% complete until about 45 days of age, corresponding to the fact that we saw less effect of cocaine on DA efflux in the P22 animals.
Methylphenidate. MPH (2 mg/kg i.v.) challenge led to significant rCBV increases in the frontal cortex and CPu in adult rats. The rCBV time course of the adult group shows positive values in all regions except the nucleus accumbens. In young rats, the same dose of MPH led to negative rCBV in the CPu, nucleus accumbens, and the posterior cingulate cortex, and induced no rCBV changes in the frontal cortex. The dramatic opposite rCBV responses to MPH challenge in juvenile and adult rats are apparent in the rCBV maps ( fig. 3 b) and time courses ( fig. 4 b) . The average rCBV changes over 20 min after MPH challenge using ROI analysis (without statistical threshold) are shown in table 1 .
D -Amphetamine. In contrast to the pattern noted with cocaine and MPH, AMPH (1 mg/kg i.v.) induced significant rCBV increases in both age groups ( fig. 3 c and 4 c) . However, the degree of rCBV response to AMPH did not cover as many brain regions and was not as strong in P22 Response to hypercapnia challenge in young and adult animals. Data shown represent changes in CBV for a 7.5% CO 2 challenge which occurs during the shaded interval. The data come from the CPu and indicate that there is little difference in vascular response between the two groups. 131 rats compared to adults. In particular, much of the cortical activation seen in the adults is missing in the young rats. The average rCBV changes over 50 min after AMPH challenge using ROI analysis (without statistical threshold) are shown in table 1 . DHDD -Selective D1/D5 Agonist. DHDD (3 mg/kg i.v.) induced a significant rCBV increase in adult rats with a map similar to that of the DAT ligands ( fig. 3 d) . The robust rCBV response seen in the adults was almost completely absent in all regions of the young brain ( fig. 4 d) , demonstrating a hypo-responsiveness to D1/D5 agonism in the young rats.
Quinpirole -Selective D2/D3 Agonist. Quinpirole (2 mg/kg i.v.) induced a negative rCBV response in both young animals and adults. The maps in the 2 age groups were quite similar, as were the rCBV amplitudes ( fig. 3 e; table 1 ).
Meta-Analysis of Literature Data
Numerous studies have been conducted over the past 30 years detailing changes in DA receptor subtypes as a function of brain maturation. A wide range of techniques and drugs have been used to assay mRNA levels, ligand binding, and behavioral effects in response to dopaminergic drugs. Furthermore, it is clear that, even after taking into consideration differences in techniques and ligands, not all the studies agree as to the direction of the maturational changes. We therefore performed a restricted meta-analysis of the existing data to understand the relation between these other variables and the phMRI results we observed. Due to the old age of most of the studies, it was impossible to obtain the original data, so the average data was extracted from tables and figures in the papers. Therefore, this restricts the total number of subjects, but otherwise, for some of the variables, produces a consensus picture of the state of the data. We only included studies where adult values were recorded or described. For the purposes of the analysis, adult data were defined as 6 60 days postnatal age, though no animals older than P90 were included to control for any effects of aging. We included mRNA expression levels, ligand binding, and locomotor response to D1 and D2 agonists, as well as locomotor and grooming responses to cocaine. In young animals, grooming seems to be an indicator of D1 function, while locomotor activity is more strongly driven by D2 function. The data were all normalized to the adult value at 60-90 days representing 100%. The binding and mRNA data were taken only from the CPu. In figure 6 a, the percent of ligand binding for either D1 or D2 receptors is compared to adult [Murrin and Zeng, 1986; Zeng et al., 1988; Gelbard et al., 1989; Sales et al., 1989; Murrin and Zeng, 1990; Rao et al., 1991; Crawford et al., 1994; Schambra et al., 1994; Flores et al., 1996; Jung and Bennett, 1996; Johansson et al., 1997; Stanwood et al., 1997; du Bois et al., 2008] . In general, there is an increase in D1 and D2 receptor binding as the animal grows, with little difference between the D1 and D2 curves. There was a highly significant effect of age for both D1 and D2. Binning the data into groups evenly spaced between 1.5 and 6.5 weeks showed an effect of age for D1 binding (F 46,4 = 7.57, p ! 0.002) and for D2 binding (F 45,4 = 14.9; p ! 0.0001) and a small difference between the D1 and D2 curves at the ages 10-20 days (fitting to a logistic equation showed the EC 50 to be 10.6 8 1.3 days for D2 and 5.6 8 1.4 days for D1 -in either case both those values are considerably lower than the ages we studied). At 20-30 days of age there was no difference between D1 and D2 binding (D1 = 101.9 8 10.3 and D2 = 86.8 8 6.6 as percent of adult; p = 0.23 unpaired t test). A few papers showed higher values in animals at around P35-45, which then decrease in adulthood, but the data here are under-powered to conclusively show such an effect. In figure 6 b the mRNA expression levels are shown [Chen and Weiss, 1991; Creese et al., 1992; Guennoun and Bloch, 1992; Moody and Spear, 1992a; Srivastava et al., 1992; Weiss et al., 1992; Schambra et al., 1994; Filloux et al., 1996; Flores et al., 1996; Jung and Bennett, 1996] . The pattern with regards to the D1 and D2 seems quite different at the early ages ( ! P10 -although most of the high points for D1 mRNA come from a single paper), but converge on the adult values after P10. There was a significant effect of age Fig. 3 . Averaged maps comparing the CBV response to various dopaminergic ligands in young (left panels) and adult (right panels) animals. a Response to a 0.5 mg/kg cocaine challenge demonstrating opposite signs (negative or positive) across almost all brain regions for the young (n = 8) and adult (n = 5) animals. Every animal in each group showed the same sign for CBV changes. b Response to 2 mg/kg MPH challenge in young (n = 5) and adult (n = 4) animals. Similar to cocaine, every animal in each group showed the same sign for the CBV change. c Response to a 1 mg/ kg AMPH challenge. Both the young (n = 3) and adult (n = 5) animals had primarily positive CBV responses. Note that this dose of AMPH produces much larger increases in extra-synaptic DA than the doses used for cocaine or MPH. d Response of young (n = 6) and adult (n = 4) animals to 3 mg/kg of the selective D1 agonist dihydrexidine. There is little response to the drug in the young animals whereas the adult animals show a large CBV increase. e Response of young (n = 4) and adult (n = 7) animals to quinpirole 2 mg/kg i.v. The response in the young and adult animals is essentially identical with both groups showing robust negative CBV changes. on D2 mRNA expression (F 32,4 = 2.78; p ! 0.05), but the effect of age on D1 mRNA expression was marginally significant (albeit with fewer studies; F 20,4 = 2.24; p = 0.1). Between 10 and 30 days of age, D2 and D1 mRNA expression levels as a fraction of adult values were essentially identical ( fig. 6 b) . We further compared locomotor data in response to D1 and D2 agonists ( fig. 6 c) [Spear and Brake, 1983; McDougall et al., 1990; McDougall et al., 1992; Moody and Spear, 1992a, b; Lin and Walters, 1994; Van Hartesveldt et al., 1994; Frantz and Van Hartesveldt, 1999 ]. There appears to be a large increase in locomotor activity in response to D2 agonists between P14 and P30, which then decreases sharply to the adult level. The locomotor response to the D1 agonist showed no such pattern, although we could only find 2 studies that had tested this. One paper showed that adult animals showed a much larger grooming response to D1 agonist challenge than rats at P17, but that the P17 rats could be driven to an adult-like response using a very high dose of D1 agonist [McDougall et al., 1990] . This suggests, similar to our phMRI findings, that there is a hypo-functionality of the D1R function at these ages. Nonetheless, the data suggest a hyper-responsivity to D2 agonists compared to D1 agonists between P14 and P35. We further compared the pat- Results of meta-analyses of changes in various DA receptor parameters as a function of age. Studies were included where both adult and young data were measured in the same study. a Plots of changes in D1 and D2 binding as a fraction of the adult values; fits to a logistic equation are also shown. The data show small differences in binding between D1 and D2 as a function of age. Between ages P20 and P30 there were no significant differences between D1 and D2. b Effects of age on mRNA expression of D1 and D2 receptors. For both D1 and D2, the values approach the adult values after about P10. Lines shown are smoothed interpolations to guide the eye. c Effects of D1 ad D2 agonists on locomotor behavior as a function of age. The D2 response shows a peak at about P20. The D1 response is essentially flat, but we could only find 2 studies reporting data in both young and adult animals. d Locomotor response to cocaine as a function of age. Similar to the D2 agonist data in c there is a peak response between P20 and P30.
tern of locomotor response to cocaine as a function of age. Similar to what is seen with the D2 agonists, there is an increase as the animals approach 20-35 days of age and then a decrease to the adult values ( fig. 6 d) [Spear and Brake, 1983; Collins and Izenwasser, 2004; Caster et al., 2005 Caster et al., , 2007 Kirstein, 2005, 2007; Frantz et al., 2007; Badanich et al., 2008; Parylak et al., 2008; Smith and Morrell, 2008] . These data support a D2 over D1 predominance in locomotion and possibly mRNA at the time periods where we see negative rCBV responses to cocaine or MPH, indicating the functional predominance of the D2 effects.
Discussion
There is no doubt that there are profound developmental changes in the dopaminergic system as a function of aging. Based upon the meta-analysis presented above, it is clear that both mRNA expression and autoradiographic ligand-binding data show highly significant changes from P0 to P40 ( fig. 6 ). Our phMRI data as well show profound differences between the animals at P20-30 and adults. The most remarkable finding is the reversal of rCBV changes after either cocaine or MPH challenge. Based upon our prior studies using D1 and D2 agonists [Chen et al., 2005; Choi et al., 2006] , negative rCBV responses can be interpreted as reflecting agonism of D2/ D3 receptors, whereas positive rCBV changes are associated with agonism of D1/D5 receptors. Thus, these data suggest that the animals between the ages of P20 and P30 show a hypo-responsivity of D1-like function over D2-like function in this age regime. This conclusion is bolstered by the phMRI data with the D1 agonists showing huge positive changes in the adults and little response in the young animals, whereas the D2 agonist showed similar negative changes in both age groups.
These observations are consistent with the behavioral profiles of locomotor activity induced by D1 or D2 agonists as well as cocaine. Prior studies show that D2 agonists show a peak in induction of locomotor activity between P20 and P30 (the same age of animals we studied; fig. 6 c) that is not paralleled by D1 agonists. Examination of D1 agonists dose effects by McDougall et al. [1990] showed that high doses of D1 agonist induced adult-like grooming behavior, whereas lower doses produced little grooming activity. This finding is reflected in our data showing that 3 mg/kg amphetamine, which induces a huge increase in DA concentrations, produces D1-like rCBV responses in both young and adult animals.
Moreover, lower doses of amphetamine in adults can produce a profile matching D2-like CBV responses more closely, which becomes D1-like at higher doses [Ren et al., 2009] . The cocaine-induced locomotor behavioral profile shows a similar peak at these ages. While there is some agreement that at these ages D1 agonism induces more grooming than locomotor activity, the magnitude of the grooming behavior does not show such a steep age-dependent profile as the D2-induced locomotor activity [Moody and Spear, 1992a, b] .
There is evidence in the literature for the development of D2 autoreceptor functionality during this age range [Andersen and Gazzara, 1994; Van Hartesveldt et al., 1994] . Behaviorally, it has been shown that agonizing D2R (via the D2 agonist quinpirole) induced different patterns of locomotor activity (suppressing or increasing travel distance) in rats at different ages [Frantz and Van Hartesveldt, 1999] . Quinpirole has higher receptor affinity to the presynaptic autoreceptor over the postsynaptic D2R at low doses [Schoemaker et al., 1997] . However, little is known about the density changes of autoreceptor versus postsynaptic D2R as a function of age, nor about the changes in receptor affinity to these 2 populations. A number of papers presented above, forming the basis of the meta-analysis, suggest that autoreceptor function starts to fully develop at about 20 days of age [Spear and Brake, 1983; McDougall et al., 1990; Lin and Walters, 1994; Van Hartesveldt et al., 1994; Frantz et al., 1996; Bowman et al., 1997] . Our results show a smaller increase in extracellular DA induced by cocaine in the young animals compared to the older animals. Since the D2 autoreceptors, as well as D3 receptors, have a higher affinity for DA than the postsynaptic D2 receptors, this will likely lead to more D2-like rCBV responses compared to the higher amounts of DA efflux seen in adults [Chen et al., 2005] . There could also be some effect of incomplete development of the DAT at P22 [Coulter et al., 1996; Galineau et al., 2004] .
The D2 agonism induced by quinpirole also competes with the D1R agonism induced by endogenous DA. The age-dependent locomotor response to D2 agonist may be due to a change in the ratio of D1R and D2R expression as the animal ages. Since no evidence shows that D1R and D2R have equal functional influence in DA signaling (i.e. that the postsynaptic influence of a single DA binding to D1R or D2R is equal but in the opposite direction), a slight shift of the ratio between D1R and D2R density may alter the postsynaptic status dramatically. phMRI measures dopaminergic function as a whole including contributions of the synaptic DA concentration, the vascular profile of DA receptors [Choi et al., 2006] , neuronal activity evoked by D1R and D2R, and their impacts on other neurotransmitters as well as the downstream signaling pathways. Although it is not easy to dissect the individual contributions, use of different pharmacological agents targeting different receptor subtypes can help to gather information on the functional changes as the brain develops. We therefore used a variety of pharmacological agents to increase the synaptic DA concentration in the mesoaccumbens and the mesocortical pathways: AMPH by releasing DA [Sulzer et al., 2005] , and cocaine and MPH by blocking DAT.
In order to obtain the complete behavioral repertoire in response to dopaminergic agonism, it is usually assumed that one needs stimulation of both D1 and D2 receptors. However, at the early ages there appears to be more of a dichotomy in that D2 agonism leads to much more locomotor activity than D1 agonism (except at very high doses of D1 agonist [McDougall et al., 1992] ). Likewise, D1 agonism leads to much greater grooming behavior than D2 agonism, with the latter even inhibiting grooming activity. The absolute magnitude of the locomotor behaviors, as measured by metrics such as beam crossings, is much greater than the counts of grooming activity, thus suggesting more powerful effects of D2-like behaviors than D1-like behaviors in the young rats -i.e. the total amount of motor activity is greater. These data also suggest that the locomotor profile of cocaine as a function of aging ( fig. 6 d) is primarily driven by the D2R.
In adult rats, the relatively large rCBV increases induced by DA releaser (AMPH) and DAT blockers (cocaine and MPH) [data from this paper and Marota et al., 2000; Mandeville et al., 2001; Mandeville et al., 2004] indicates a strong action of D1R. This is based on our previous phMRI results that agonizing D1-like receptors led to rCBV increase and agonizing D2-like receptors led to rCBV decreases [Chen et al., 2005; Choi et al., 2006] . Further, D1 antagonism blocks the response to cocaine [Marota et al., 2000] , as well as the DAT blocker CFT or amphetamine in adult animals and D1 antagonism does not affect DA efflux [Choi et al., 2006] . However, in the young rats, the increased synaptic DA concentration either led to a reduced rCBV increase (by AMPH) or rCBV decreases (by cocaine and MPH). In adult rats in the striatum, the D1 receptor accounts for an average of 78% of the total DA receptors, but with only 20% of D1R at the high affinity state [Richfield et al., 1989] . The D2R accounts for the remaining 22% of DA receptors but the majority of D2R is at the high affinity state ( 1 80%) [Richfield et al., 1989] . It thus was suggested that a portion of the D1R serves as spare receptors [Richfield et al., 1989] . The copious amount of DA induced by AMPH/cocaine/MPH may thus bind to the spare D1R and induce an rCBV increase in the adult rats. In young rats, the relative populations of D1R and D2R and the proportion of each receptor at its high affinity state are not clear. Studies using quantitative autoradiography in rodents and primates showed that there was an initial overproduction followed by a declination of the dopamine D1R and D2R during adolescence [Montague et al., 1999; Andersen et al., 2000] , although little evidence indicates that these two ontogenic processes are in synchrony. The rCBV decreases to cocaine and MPH challenge suggests that, at young ages, extracellular DA binds more efficiently to D2R than D1R. Since AMPH not only occupies (and blocks) the DAT binding site (similar to cocaine or MPH), but also enhances DA efflux, the dose of AMPH we used leads to much greater synaptic DA concentrations than similar doses of cocaine or MPH [Sulzer et al., 2005] . Microdialysis studies in adult rats using pharmacological doses similar to our study found the degree of DA efflux is: AMPH 1 1,000%, cocaine ϳ 300%, MPH ϳ 450% of the baseline level [Butcher et al., 1991; Feigenbaum and Howard, 1997; Ito et al., 2002; Porras et al., 2003; Schwarz et al., 2004] . The extra amount of DA released by AMPH increases the likelihood of D1R binding, and is reflected in the rCBV increase in the young rats.
The ROI we defined as the nucleus accumbens also includes the islets of Calleja. The Islets of Calleja and nucleus accumbens have high D3 receptor density and the D3 density is much higher in the accumbens than in the CPu. Agonism of D3 receptors leads to negative CBV changes [Choi et al., 2006] . Therefore, the balance between the positive and negative CBV changes is skewed towards negative changes at low DA concentrations since at these concentrations there will be higher relative occupancy of the D3R since the D3R has much higher affinity for DA than the D1R. Further, D2 autoreceptors, whose agonism leads to decreased DA release, also have higher affinity for D2 than postsynaptic D1R. The high dose of amphetamine used (1 mg/kg) produces a much larger increase in synaptic DA (about 1,300%); therefore, there is a much more D1-like effect for amphetamine.
We saw large activation of the thalamus in the adults, but not the young rats. The thalamus is part of the striatal output circuitry, and therefore its response may entail other mediators of CBV than solely DA. The thalamus has high enrichment in D5 receptors, which we showed to very densely label microvessels in the thalamus [Choi et al., 2006] . D5R have a much higher affinity for DA than D1R [Cooper et al., 1996] . Therefore, there may be a more positive response to a relatively lower concentration of DA. Evidence of this is supported by the results with DHDD (a D1/D5 agonist) where there are huge changes in the thalamus in adults similar to those we have observed with other D1 agonists [Choi et al., 2006] . The CPu has a large D2 density in addition to D1. Since D2 agonism produces negative CBV changes this will lower the overall CBV change.
The relatively hypoactivity of D1R was further tested by challenging young and adult rats with the highly selective D1 agonist DHDD. In the adult rats, DHDD led to significant rCBV increases in the brain. Other D1 agonists also produce large CBV increases [Choi et al., 2006] . We expected that DHDD would lead to a robust, but smaller, increase in rCBV in the juvenile rats. However, the juvenile brain was almost completely non-responsive to the DHDD. This finding suggests that the majority of D1R at young ages may not be fully functional with regards to postsynaptic signaling. It would thus appear that very high doses of D1 agonist or very high DA concentrations are required to reflect the D1 functionality and, when challenged with cocaine or MPH, we primarily observe D2R functionality. The functionality of D2R at a young age was validated by our quinpirole study showing similar rCBV decreases at young and old ages. The CBV map we observed with cocaine or MPH challenge in the juvenile animals here is very similar to that which we observed with quinpirole ( fig. 4 e) [Chen et al., 2005] and norpropylapomorphine, a D2 agonist, in adult rats, [Choi et al., 2006] . Future studies will further need to characterize the ontogeny of the DA receptors on the microvasculature. We showed that D1 and D5 receptors are on brain microvessels, such as capillaries and arterioles, whereas D3 receptors were found on astrocytes [Choi et al., 2006] . Therefore, it may also be the case that the D1 and D5 microvessel receptors are not fully mature between P20 and P30.
The results of this study suggest that the full behavioral response to psychostimulants such as cocaine are not fully developed in young animals. This manifests as a hypofunctionality of D1 receptors. Given the important roles of D1 receptors in frontal regions in many aspects of memory and cognition, including impulse inhibition [McNab et al., 2009] , our data suggest that this hypofunctionality may increase sensitivity to psychostimulants. A recent study showed that there was increased D1 functionality in adults compared to juveniles, and that prenatal cocaine exposure had a profound effect on D1R [Tropea et al., 2008] .
To summarize our results, we found that there is a hypo-functionality of D1 compared to D2 as measured using MRI in young animals. It is increasingly clear that both D1 and D2 receptors operate and couple to G proteins as dimers or oligomers [Strange, 2005; Vivo et al., 2006] . Full functionality of these receptors is also importantly linked to cell surface trafficking [Wurch et al., 2001; Ferone et al., 2007] . How these processes may change during the maturation of the dopaminergic system remains to be studied. Understanding such developmental processes is crucial to more fully understanding the differential effects of psychostimulants on children and, as well, understanding how dysfunctions of these processes may lead to psychiatric illnesses.
